The mechanical response to compression of a self-assembled gold nanoparticle monolayer and trilayer at the air-liquid interface is examined. Analysis of the film's buckling morphology under compression reveals an anomalously low bending rigidity for both the monolayer and the trilayer, in contrast with continuum elastic plates. We attribute this to the spherical geometry of the nanoparticles and poor coupling between layers, respectively. The elastic energy of the trilayers is first delocalized in wrinkles and then localized into folds, as predicted by linear and nonlinear elastic theory for an inextensible thin film supported on a fluid.
Films of nanoparticles at an interface exhibit rich behavior, determined by the material properties of the nanoparticles as well as the thermodynamic and mechanical responses of interfacial structures [1] . Mechanical properties of the nanoparticle superlattice are tunable, for example, by altering the ratio of the core to the ligand length [2] or by changing the composition of the solution [3] . In addition, nanoparticles scatter radiation very strongly. These make them ideal model systems for studying the properties of compressed nanometer-thin films at interfaces, allowing a large variety of predictions for response to stress [4, 5] and the effects of confinement or defects [6] to be tested in situ. In this Letter, we report on the mechanical response to compression of a self-assembled gold nanoparticle film at the air-liquid interface.
Over the past two decades, energy balance and scaling arguments [5, 7, 8] have proven fruitful in describing and predicting the elastic behavior of thin plates under lateral compression. The canonical approach is to divide the elastic energy of the plate into components containing inplane strains (called ''stretching'') and those generated by development of curvatures (called ''bending'') [7] . Often, for plates whose thickness is much smaller than their lateral dimensions, only bending energies (U B ) need to be considered when evaluating the elastic stability of the system [7] . For a plate bound to a fluid substrate, the deformation (z) of the substrate also costs energy (U K ). The total energy in the linear approximation is
where B is the bending rigidity of the plate and K is the stiffness of the substrate. Equation (1) is minimized by balancing the bending energy and the deformation energy, while approximating the plate as inextensible [5, [8] [9] [10] . Such a balance selects the equilibrium shape of the interface, with the surface forming stable wrinkles with a wavelength of ¼ 2ðB=gÞ
1=4
(2) [4, 8, 10] . Here K is replaced by g, where is the density and g the gravitational acceleration [5, 10] . For large deflections, the energy of the system localizes into folds. This has been described using a nonlinear geometric term added to Eq. (1), suggesting that the subducted length l of the fold scales as the wrinkle wavelength : l $ [5, 9] . The simple elastic model described above needs to be further tested before it is applied to nanometer-thin films on fluid subphases, especially for films of discrete particles. Surface tension or viscosity, ignored in Eq. (1), might play a role in the film's response to compression. For example, Huang and Suo [11] have shown that viscous effects alone can cause wrinkling in supported thin films. For thin films at an interface, surface energies can become much larger than mechanical energies (e.g., U B and U K ) and may play a role in the films' response. We observe that our system can be described by the energetic scaling approach in Eqs. (1) and (2) . We measure the film's bending rigidity and find it anomalously low compared to a continuous plate, which can be attributed to the unique structural properties of the spherical particle film.
A Langmuir trough (NIMA) with two barriers was used to prepare the gold nanoparticle film. To make the film, 6 nm gold nanoparticles ligated with dodecanethiol (Ocean Nanotech) and suspended in heptane were spread at the airliquid interface. The morphology of the film was then imaged continuously with an Olympus light microscope and recorded for the duration of the compression [12] .
Driven by ligand interactions [2] , the nanoparticles aggregate into islands of solid monolayer [3] tens of microns to many millimeters across, surrounded by a bare air-liquid interface [ Fig. 1(a) ] [12] . The monolayer is then compressed laterally, using two barriers. The nanoparticle islands rearrange under compression in the x direction to form a continuous monolayer. Upon further compression, the monolayer enters the third dimension (z). Figure 1(b) shows the appearance of a crisscross ''hash'' pattern on the surface, composed of jagged lines darker than the surrounding monolayer. Using atomic force microscopy (AFM), we measured the height profiles of films with hash [ Fig. 2(a) ] by transferring the nanoparticle film from the air-water interface to a graphite puck [13, 14] . The height profiles show the hashed lines raised 11:1 AE 1:8 nm, or two particle diameters, above the surrounding 6 nm thick monolayer. This indicates that the monolayer collapses into trilayers 17 nm thick. Our in situ x-ray measurements at similar compressive strains [3] have also revealed that the gold nanoparticle monolayer and trilayer coexist. Because the collapse structure (i.e., hash) is 3 nanoparticle layers thick (within the precision of x-ray and AFM measurements), and no other thicknesses were measured, the most plausible mechanism is that the monolayer folds sideways (S folds), giving rise to stripes of trilayers as illustrated in Fig. 2 . As compression continues, the hash lines become denser and align nearly perpendicular to the direction of compression. Ultimately, the surface film completes its transition from a monolayer to an optically homogeneous trilayer [ Fig. 1(d) ].
The trilayered film responds to compression by forming static, periodic wrinkles oriented along the y direction [ Fig. 1(e) ]. Unlike the hash, wrinkles appear in a single direction perpendicular to compression and do not change direction over their length. They occur in groups extending tens to hundreds of microns in the y direction. The periodicity of the wrinkles on the film was measured over 300 wavelengths, showing a uniform wavelength of 2:7 AE 0:5 m. Note that the wavelength is independent of applied strain. The wrinkles are stable when compression is stopped, but quickly dissipate upon decompression.
Continued compression of the wrinkled surface causes it to fold vertically into the subphase, i.e., in the Àz direction. These vertical folds (V folds) are localized, having widths of only a few microns. V folds have a well-defined orientation and extend in the y direction from hundreds of microns to a few centimeters [ Fig. 1(f) ]. We characterize these folds by their subducted length l. The distance between visible marks on the film on either side of a nascent fold was measured immediately before and after the fold nucleated; this difference plus the fold width was interpreted as l. Most V folds have an l of about 5-9 m, as measured over approximately 30 folds [12] . This is the mode; the distribution is right-skewed. The V folding events are rapid; a typical event, from nucleation to formation, lasts $100 ms. Additional compression results in more wrinkle-to-fold transitions throughout the film.
The geometry of a supported elastic sheet under compression contains information about its material properties. We deduce the mechanical properties of the nanoparticle monolayer from its buckling into trilayers. To fold into the observed three-particle-thick trilayer, the monolayer must first bend with a curvature of $ 10 9 m À1 . The presence 
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058301-2 of such high curvatures suggests that the monolayer has a very low bending rigidity. However, this does not preclude a high Young's modulus (E). The bending rigidity of an object is determined by both its Young's modulus and its structure. For a continuous plate of thickness t and Poisson's ratio , B is determined by the resistance to stretching and compressing of the individual stratum in the plate. Summing the moments from each layer gives the familiar result B ¼ Et 3 =12ð1 À 2 Þ [15] . If the plate is not continuous, e.g., with a discrete structure like chain mail, then this relation breaks down. In the limiting case of a monolayer, B is determined by the resistance to bending of the individual particles. For an asymmetric molecule like a phospholipid, the continuum relation may still hold [16] . For a monolayer composed of radially symmetric particles such as the gold nanospheres, bending does not cause local stretching or compression as nearby spherical particles can rotate freely with respect to each other. The monolayer can therefore have an anomalously low B while still maintaining a sizable E. We can estimate the Young's modulus of the gold nanosphere monolayer from the measured surface pressure [12] in the region between the formation of the monolayer and the onset of buckling, by assuming that the monolayer obeys Hooke's law before buckling into a trilayer. For such a scenario, = ¼ Et, where is the surface pressure and the strain [15] . Using the maximal pressure attained in this region, 20 mN=m, and the corresponding strain of 10% yields a value for E of about 40 MPa. The estimated E for our system does not necessarily contradict higher values of E % 0:1 À 1 GPa previously reported from simulations or an experiment on a freestanding gold nanoparticle monolayer [2, 17] , nor does it suggest a different mechanism for the film's cohesion than ligand interactions. As demonstrated by x-ray measurements, our self-assembled film on water has an in-plane crystalline domain size of only $40 nm [3] . This is considerably smaller than domain sizes in the freestanding film-self-assembled by drying a droplet of oil-nanoparticle suspension-which are in the tens of microns [18] . Moreover, our film, while optically homogeneous, is peppered with micron-sized vacancies [ Fig. 3(a) ] caused by the imperfect annealing of adjacent clusters during compression [ Fig. 1(a) ]. Thus, our film is expected to be weaker than films with larger crystalline domain size and fewer defects. Note that defects alone should not alter the relationship B / Et 3 [19] . We now examine the wrinkles in the trilayer film. The relations in Eqs. (1) and (2) are derived in the quasistatic, inextensible limit; i.e., dynamics or surface tension does not play a role. To test these assumptions for our system, we measured of the trilayers on subphases of pure glycerol and of a water-ethanol solution [ Figs. 3(a), 3(b) , and 4]. Changing the subphase to glycerol of viscosity g ¼ 1500 cP (for water, w ¼ 1 cP) does not prevent the film from wrinkling and V folding. The wavelength of the nanoparticle film on pure glycerol is 2:5 AE 0:4 m, as measured over 300 wrinkles. Likewise, wrinkles and V folds occur on the surface of a water-ethanol solution (airliquid surface tension ¼ 40 mN=m; for pure water ¼ 72 mN=m) [12] . The film wrinkles with a wavelength of 2:7 AE 0:5 m (measured on over 300 wrinkles).
Since glycerol is slightly denser than water ( g = w ¼ 1:26), is expected to be 2:5 m according to Eq. (2), if B is assumed to be the same as that of the film on water. This value agrees with the measured , suggesting that the continuum treatment in Eq. (1) is valid. Moreover, there is no observed difference in the wrinkle wavelength between the films on a pure water subphase and those on a water-ethanol subphase, in spite of a factor of 2 change in the interfacial energy. This is in agreement with the theo- (1)] where the wavelength does not depend on the surface tension. Our data affirm the continuum treatment of Eqs. (1) and (2) and evidence that wrinkle wavelength in our film is insensitive to the viscosity and the surface tension of the subphase, and is solely determined by the subphase's static resistance to deformation. Inversion of Eq. (2) for the nanoparticle films yields a value of B % 0:1 kT, using the measured wavelength and the known substrate density [20] . Physically, the bending rigidity of the trilayer is determined by the bending rigidity of the individual layers, the resistance to stretching or compression of the outer layers, and the amount of coupling between layers. If there were no coupling between layers, then B ¼ NB 0 , where B 0 is the bending rigidity of each of the N individual layers. For the nanoparticle trilayer, this still leads to an anomalously small B. If the layers were perfectly coupled, then B would be that of a continuum plate, or B / Et 3 . Using this relation and E % 40 MPa as estimated above, however, gives a value of B % 3 Â 10 3 kT, which is 4 orders of magnitude larger than the value derived from Eq. (2). Our findings therefore point to poor out-of-plane coupling between the layers. This suggests that, while the continuum approach motivating Eq. (2) is valid, the continuum expression for B is not for our film.
To test the idea that coupling between the layers affects the geometry of the trilayers, we have altered the interlayer coupling by adding excess ligands to the nanoparticle suspension as a plasticizer [12] . X-ray studies have previously shown that dissolving extra dodecanethiol in the film increases the nanoparticle separation, with the excess ligands encapsulating the particles [3] . This arrangement appears to reduce the film's resistance to shear and weakens the coupling between layers. As a result, the film's cohesive energy decreases, and it becomes too fluidlike to support wrinkling or V folding. Instead, the film responds to stress by forming large multilayer patches. These patches respond to further strain by shearing into collapse structures that are neither localized nor unidirectional; continued compression merely increases the size of these patches [ Figs. 3(c) and 3(d) ]. Similar in-plane relaxation is displayed by certain lipid monolayers with low resistance to shear [13] . This supports the idea that poor out-of-plane coupling between layers causes the nanoparticle trilayers to bend easily. Our results indicate that interlayer coupling provides another knob for tuning the materials properties of these thin nanoparticle films, in addition to altering the ligand length [2] .
The highly localized, symmetry-broken V folded state was identified and reported earlier [5, 9] . This wrinkle-tofolding transition has been described using a nonlinear geometric term in the elastic energy of the system, resulting in a scaling relation between the fold subducted length l and the wrinkle wavelength: l $ . While this scaling has been verified for macroscopic wrinkled films on a subphase, its validity for systems at the nanometer scale has yet to be tested directly. For the gold nanoparticle film on water, the measured l (5-9 m) is about 2 or 3 times the measured (2:7 m), in qualitative agreement with the scaling argument in Ref. [5] . Similar folded states have been identified at other ''soft'' interfaces, such as on soft, highly compressed gels [21] and polymer films bound to a foam [21] , however without a prior wrinkled stage.
